Geometrical cues in the extracellular environment are essential for guiding the direction of cells and tissue architectures. For example, nano/micro-scale topography such as grooves and fibrous scaffolds induces cell alignment and migration through contact guidance.
I. Introduction
Interactions between cells and their surrounding extracellular matrix (ECM) 34, 35 play important roles in cell and tissue behaviors.
1-3 ECM physical factors such as stiffness, 4-8 geometrical cues, [9] [10] [11] [12] [13] [14] [15] [16] and force stimulation [17] [18] [19] [20] [21] can regulate cell migration, proliferation, differentiation, and so on. In particular, it has been reported that the topology of ECM [22] [23] [24] can also direct the alignment and migration of cells through contact guidance. 25 On the other hand, cell morphology including cell spreading and alignment has been proven to be crucial to cell growth and tissue formation and functioning. Taking the endothelial cells as an example, the morphology of endothelial cells correlates to the nucleus shape and alignment, and even the gene expressions, 11, [26] [27] [28] which govern cell fate. As the major component of vessel interiors, the alignment of endothelial cells also determines endothelial conformity and formation of new blood capillaries. 29, 30 Notably, the abnormal cell behaviors may lead to endothelial dysfunctions and vascular diseases such as atherosclerosis. 20, 31, 32 However, most previous studies focused on cell behaviors in response to ECM topography in the range of nanometers to several microns. 23, 33 The ECM topology with larger feature sizes, i.e. tens of microns, which is equally important and prominent in the human body, were rarely addressed. Considering the endothelial cells growing on vessel interiors, the ECM of tunica media connes the biophysical conditions including the cylindrical curvatures of vessels, which should affect the cell behaviors. As such, investigations on how cells behave on the micro-scale topology could provide new insights on the roles of environmental cues from ECM.
Microfabrication techniques have been widely applied to engineer cell environment for investigating cell behaviors and physiological mechanisms. Micro-contact printing was employed to pattern different micro-adhesion islands conning cell shape and demonstrated that cell shape can inuence individual cell viability and morphological behaviors.
10 Subcellular actin laments, focal adhesions and nucleus can also be affected by micro-topographical features including the shape 34 and aspect ratio 35, 36 of adhesion islands. Nevertheless, most of these techniques focus on controlling topographical factors of planar substrates. As cells in three-dimensional matrices can behave distinctly compared to those on planar substrates, 37 how the non-planar topographical cues affect cell behaviors is worth to be investigated quantitatively but remains elusive.
Researchers have employed several methods to fabricate non-planar microstructures for cell studies. Nikkhah et al. fabricated microchambers by reactive ion etching (RIE) 38 to examine the cytoskeletal properties. However, the rough edges le aer fabrication caused the radii of curvature undened. Park et al. applied suction pressure to fabricate silicone microchambers, yet the research focus remained on comparison of convex and concave surfaces for their effects to cell adhesion and proliferation. 39 Lee et al. manufactured scaffolds embedded with micro-pores with a controlled concave curvature, 40 but the accessibility and detailed cell analysis were challenging because the micro-pores were located inside the scaffold material.
In this study, we characterize the vascular endothelial cells growing on an array of concave microgrooves with different micro-scale curvatures. Owing to the geometric similarity between the microgrooves and vessel interiors, these results could exhibit key cell properties in the vascular endothelium. We examine the effect of microgroove dimensions on cell morphology and alignment. As cell morphology reects the intracellular properties 41, 42 including the architecture of cytoskeletal stress, 36, 43 we also investigate the roles of stress bers in such alignment processes through analysis of subcellular actin laments. Overall, our study of surface curvature in determining cell alignment and morphology will provide new insights for tissue formation and the related mechanistic processes.
II. Results

Microgroove curvature mediates cell morphology and orientation
We manufactured arrays of concave microgrooves ( Fig. 1 ) with different radii of curvature (50 mm, 75 mm and innity (at surface)) using replica molding of polydimethylsiloxane (PDMS). 44, 45 Notably, the surface roughness of all the substrate surfaces is negligible (<5 nm) as indicated in Fig. 1c , which indicates that the radius of curvature is the only variable in our experiments. Aer seeding human vascular endothelial cells (hVECs) on the substrates and culturing them for 4 h, we xed the cells and conducted immunouorescence staining on cytoskeletal actin and nuclei (Fig. 2a) to visualize spreading areas, orientations and body aspect ratios of the cell bodies. Using low density for visualizing single cells and high density for a cell layer, we found that cell alignment is apparent in microgrooves with 50 mm radius of curvature regardless of cell densities. Moreover, through quantitative analysis, the cell spreading areas increased with the radii of curvature, while the body aspect ratios decreased with the radii (Fig. 2b) . Of note, hVECs in the microgrooves with a 50 mm radius of curvature exhibited a halved average spreading area and a two-fold average body aspect ratio compared to those on the planar surface.
To test whether cell alignment was also effected, we analyzed the orientation of each single cell by applying a best-tting ellipse to the cell body boundary in the uorescence micrographs (Fig. 2c) . The cell orientation in microgrooves was dened by a cell-groove angle q as the intersection angle between the major axis of the ellipse and the groove direction to quantify the cell alignment tendency. For the at substrates, the cell orientation was dened as an intersection angle between the major axis and the vertical direction of the micrograph. We can observe that cell orientations tended to align with the groove direction, i.e. q / 0 , when cultured in microgrooves with 50 mm radius of curvature ( Fig. 2d) , suggesting a preferred cell body alignment along the microgroove direction. In contrast, there was not obvious alignment when cultured in microgrooves with radius of curvature 75 mm or on planar substrate. Moreover, as q can be viewed as the 'misalignment error' between major axes of the cell body and groove directions, the level of alignment can be further quantied based on the standard deviation of such 'misalignment error' using the rootmean-squares of q (q RMS 
Alignment of actin laments with cell body is independent of microgroove curvatures
Intracellular stress bers can modulate ranges of cell behaviors including cell shape and orientation. 36, 43, 46, 47 Here, we investigated the intersection angle between the dominant direction of This journal is © The Royal Society of Chemistry 2017 stress bers (represented by actin laments) and the major axis of cell body, f (Fig. 3a) . Results showed that stress bers tended to align with the cell body when cultured either in microgrooves or on planar surfaces (f / 0 , Fig. 3b ). Similar with the analyses in the previous section, we quantied the standard deviations of the 'misalignment error' between the major axis of cell body and dominant actin directions using the root-mean-squares of f (f RMS Stress bers are involved in cell alignment to microgrooves
To further investigate the roles of stress bers, we employed the stress-ber-targeting reagent, blebbistatin, to inhibit formation of stress bers. 48, 49 In the experiments, we chose microgrooves with a radius of 50 mm because of the signicant alignment between cell body and groove directions. As shown in Fig. 4a and b, cells treated with blebbistatin in microgrooves have lower total contents and reduced lengths of stress bers as compared to the control group. We also observed increased spreading area and the reduced body aspect ratio aer the blebbistatin treatment (Fig. 4b) . Collectively, as the drug-treated cell morphology was analogous to that on planar substrates, it is interesting to further examine whether the suppressed stress ber content may abrogate the inuence of concave microgrooves, resulting in the more randomly distributed cell-groove angles q.
We then investigated the cell orientation on concave microgrooves in response to the blebbistatin treatment. It should be noted that the stress bers were still aligned with the cell body for those cells treated with blebbistatin (f / 0 , Fig. 4c ), which is consistent with previous report on the maintained cell-actin alignment for cells with inhibited actin contents. 11, 50 More importantly, the drug-treated cell orientation relative to the direction of microgrooves showed a random distribution from 0 to 90 (Fig. 4d) , suggesting the important role of stress bers in the preferred cell alignment to microgrooves.
III. Discussions
In this work, we employed the photolithography with reow of photoresist microstructures and the replica molding of PDMS to obtain microgroove substrates. Notably, the surface roughness of the microgroove substrate is the same as the unstructured PDMS material. As the roughness is less than 5 nm (Fig. 1) , which is far less than the range known capable for inuencing cell behaviors (dozens to hundreds of nanometers), 16 the effect of surface roughness can be disregarded. Therefore, the fabricated microgroove should reduce to only one dened environmental factor -the surface radius of curvature.
In a microgroove, cells encounter an environment with anisotropic geometries. That is, the radius of curvature is minimum when orthogonal to the microgroove direction and becomes innity when parallel to it. On such substrates, our results showed that cells in microgrooves with smaller nominal radius of curvature exhibited less spreading (Fig. 2b) . Given the anisotropic geometries of microgrooves, the preferred alignment of cells along the microgrooves (Fig. 2d) and increased body aspect ratios (Fig. 2b ) may be all due to the intention of spreading along the direction with larger even or innite radius of curvature -the microgroove direction. This may explain why the alignment preferences of cell body and intracellular actin reduce as the radius of curvature increases (Fig. 2d) .
Cells can respond to their environment via the force interactions between the cells and the biophysical cues of substrates. 43 Among different intracellular components, stress bers play a key role in such force interaction and associated with cell morphology. 46, 47 Prior to this study, cell characteristics including morphology, migration and cytoskeletal architecture have been reported sensitive to many other directional physical cues. For instance, vascular endothelial cells tended to align with the direction of shear stress under a liquid ow. 51, 52 With a unidirectional cyclic stretching, broblasts reoriented to the stretch direction. [53] [54] [55] Of note, the alignment of cell behaviors to directional physical cues correlated with the cytoskeletal activities. When stress bers were inhibited by related reagents, endothelial cells no longer displayed the shear-stress-induced alignment.
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Likewise, aer blebbistatin treatment, the phenomenon of stretch-induced reorientation in broblasts disappeared. 54 Here, through the quantitative analysis (Fig. 3) , we found that the stress bers' average direction is consistent with the cell body orientation, for both the cells on a planar surface or in a microgroove. Moreover, on the blebbistatintreated hVECs with a suppressed cell-groove alignment (Fig. 4 ) suggest good agreements with those previous ndings for the other physical cues. In such processes, stress bers were proven to play an essential role in sensing and responding to those stimulations.
As stress bers are the main source of cell contractility and responsible for cell-ECM force interaction, 43 it is very likely that the cell alignment along microgrooves is due to the force balance between cell contractility and the force from the ECM. On a at surface (roughness: <5 nm), there is no dominating anisotropic cues; arrange isotopically; and the cells exhibit a random orientation distributed accordingly. Differently, in microgrooves contains micro-curvatures orthogonal to the groove direction, which might lead to the biased distribution of cell contractility represented by stress bers and cells alignment along microgrooves analogous to the effect of shear stress 51 and stretching. 55 When being treated with the blebbistatin (stress bers inhibitor), cell contractility is inhibited and its role in cell alignment along microgrooves is reduced. Thus, the effect cell alignment along microgrooves becomes insignicant compared with cells without any treatment.
In a nutshell, the underlying mechanism behind these results may lie in the role of stress bers in the force interaction between cells and such concave micro-curvature. Considering the micro-curvature is a biophysical factor affecting cell alignment and morphology, it should be worthwhile to further investigate its effect together with the other well-studied biophysical factors (e.g. substrate stiffness, 4, 7, 8 shear stress 21, 55 and external stretch 53, 54 ) on the integrative effects to a broad range of cell behaviors in the future. It will be interesting to discover possible roles of the substrates stiffness in cell alignment along microgrooves by regulating rigidity of PDMS substrates using different ratios of PDMS monomer and curing agent as the substrate materials. The shear stress along the microgroove direction can be produced by driving culture media along the desired direction, mimicking the blood ow. Additionally, stretching the substrates carrying the adherent cells along one direction can generate the tensile stress/strain, which might be induced from blood pressure or muscular movements in the human body. Collectively, the results reported here provide insightful information about morphological characteristics of cells growing on micro-curved surfaces present in scaffolds as well as other tissue engineering applications.
IV. Methods
Fabrication of microgrooves
Substrates containing an array of microgrooves were fabricated by replica molding of polydimethylsiloxane (PDMS). To fabricate the molds, photolithography was used to pattern positive photoresist (AZ 50XT, AZ electronics) containing rectangular stripes on a silicon wafer. The photoresist with 60 mm thickness was rst spin-coated on a silicon wafer, followed by so-baking at 95 C for 2 min. Aer UV exposure, the photoresist was developed using diluted AZ400K (1 : 2 dilution by deionized water) and dried by air ow. For the planar substrates, neither UV exposure nor development was performed. In order to obtain the quasi-semi-cylindrical structures in the microgroove geometries, the developed photoresist was baked at 120 C for 1 min to allow photoresist reowing. Due to the surface tension of photoresist, the cross-section of photoresist patterns turns round, which is the targeted microgrooves. The mold was then silanized with trichloro(1H,1H,2H,2H-peruorooctyl)silane (Sigma-Aldrich) to reduce the adhesion of PDMS to the mold to facilitate the demolding processes.
To perform replica molding, the PDMS pre-polymer was prepared by mixing the PDMS base with a curing agent (Sylgard 184, Dow Corning Corporation) at a weight ratio of 10 : 1. Aer the PDMS pre-polymer was poured onto the molds and fully degassed, we baked the PDMS at 70 C for 24 h. The PDMS was then peeled off and the pattern regions were cut out. For physical supports, the PDMS substrate was bonded onto glass slides (microgroove structures facing outward) using air plasma (energy 1 kJ; Harrick Plasma, Ithaca, NY). Before plating cells, a 50 mg ml À1 human bronectin solution (cat#33016-015, Life
Technologies) was applied onto these PDMS substrates for cell culture. Then, the substrates were rinsed with phosphatebuffered saline (PBS) and submerged in fresh cell culture media.
Characterization of substrate surface
Aer fabricating the substrates, we applied light reection and interference between interfaces to visualize and examine surface curvatures using the optical surface proler (NT9300, Veeco). Then, we quantied roughness of the groove surfaces using an atomic force microscope (DMI, Bruker) with the tapping mode (Fig. 1c) . To facilitate SEM imaging, we coated a 20 nm thick layer of Aurum on the surface of microstructures with a sputter-coating machine (Q150T, Quorum). The coated microgrooves were then observed in the high vacuum mode of SEM machine (FEI 250, Quanta). We took SEM for the top view and side view of the microgrooves.
Cell preparation
Primary human vascular endothelial cells (hVECs; C2517A, Lonza, Walkersvilla, MD) were cultured in supplemented endothelial cell growth medium (CC-3162, Lonza). The cells were cultured in standard 5% CO 2 , 37 C humidied incubator (Forma Steri-Cycle CO 2 incubator, Thermo Scientic). Once the cells reached 80% conuence, they were washed with hydroxyethyl piperazineethanesulfonic acid-buffered saline solution (CC-5022, Lonza), trypsinized (CC-5012, Lonza), and neutralized with a trypsin neutralization solution (CC-5002, Lonza). The resuspended cells were reseeded at two cell densities (3000 cell per cm 2 and 10 000 cell per cm 2 ) in fresh media for subculture.
Only cells within 5 passages were used in all experiments in this research.
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Drug treatment
Aer seeding hVECs in the microgrooves, we randomly selected samples to treat with reagents. The cells were treated at the fourth hour aer cell seeding and incubation for 30 min. Aerwards, the reagents were removed by replacing with PBS for follow-up experiments. For control groups, cells were added with equal amount of corresponding reagents solvent (PBS or dimethyl sulfoxide) to cell media for 30 min.
Fluorescence staining
For all cell samples, actin laments and nuclei were stained with Alexa Fluor 555 conjugated phalloidin (A34055, ThermoFisher) and 40,6-diamidino-2-phenylindole (DAPI; D1306, ThermoFisher) respectively for 1 h. The samples were washed to remove unbounded staining agents with PBS. Finally, we applied a mounting solution (17984-25, Electron Microscopy Sciences) to the stained cells for microscopic imaging.
Image characterization
For determining the cell body aspect ratio, we used the projection images (along the direction normal to substrates' at surface, same below) of image stacks of actin laments. The body aspect ratio was dened based on the ratio of the major axis and minor axis for each cell's most tted ellipse calculated based on ImageJ soware (NIH, US). With those projection images of actin laments, we used ImageJ soware with FibrilTool plugin 57 to quantify the overall average orientation of actin laments (stress bers) in a cell. The stress bers coverage was calculated by dividing the projection area of actin laments with the cell's projection area.
Statistics
All values in this paper are each expressed as mean AE standard error of the mean (S.E.M) unless otherwise specied. Samples for quantication were from three independent, repeated experiments. Each cell group in this study contains >50 cells for promising comparison. To calculate the signicance of the difference between two groups of data, we conducted a student's t-test with a two-tailed distribution and a two-sample unequal variance for these two data sets. An asterisk in charts represents the signicant difference with the p-value < 0.05.
V. Conclusion
In this work, we applied concave microgrooves to characterize the morphology and alignment of vascular endothelial cells in response to the direction and radius of curvature. Importantly, the results demonstrate that the substrate curvature causes signicant inuence on cell spreading areas, body aspect ratios and preferred alignment along the microgroove direction. Furthermore, the weakened stress bers mediated by blebbistatin underlie the reduced spreading area, enhanced body aspect ratio, and indifferent cell orientation along microgrooves, suggesting the essential role of stress ber in such preferred directionality. Altogether, our results about the effects of the surface curvature of ECM on cells offer further insights about cell behaviors on ECM topology at the micro-scale, e.g. morphology, alignment and cytoskeletal structures, and enlighten relative application on engineering tissue formation/ regeneration processes in the future.
